Growing highly ordered micro-and nanostructures in a designed pattern with acceptable size and shape uniformity presents an enormous challenge to materials scientists. Selfassembly offers a promising approach, in that it allows the production of ordered structures without the need for high-precision patterning equipment (1, 2) . Various routes that can lead to self-assembly have been used, and colloidal chemistry in particular has produced some impressive results (2) (3) (4) (5) . Nevertheless, applying physical principles at a macroscopic scale rather than relying on intermolecular forces would be more practicable for microfabrication, especially when control of purity and uniformity is of concern. Recently, stress engineering has been used to make ordered structures on large scales (6) (7) (8) (9) (10) . Typically, this has been undertaken on planar supporting surfaces. The possibility of exploiting geometrical constraints has not been widely realized.
The geometry of receptacles should conceivably play an important, if not decisive, role in determining the arrangement of the growing, repeated botanic elements such as florets, sepals, and seeds, which are positioned in fascinating, highly ordered patterns (11, 12) . Triangular patterning, also referred to as hexagonal close-packing, is observed on large, flat surfaces. For example, the arrangement of thorns in the central part of the cactus Opuntia catingicola is a nearly perfect triangular lattice. On a spherical receptacle, the triangular pattern has to adopt pentagonal or heptagonal defects to meet the conditions imposed by Euler_s rule for convex polyhedrons (13) . It is also noteworthy that spherical receptacles are the preferred support for botanic elements that grow in tandem, such as the florets on a dandelion. The Fibonacci number pattern, in which the basic units can be grouped into clockwise and counterclockwise spirals specified by two neighboring numbers in the Fibonacci sequence, is manifested by many plants, where the receptacle is generally a disk or conical surface, and the growing elements develop consecutively from primordia. The most familiar examples include the sunflower, daisy, and pineapple. In a sunflower, the Fibonacci number pattern can range from 21 by 34 to 89 by 144 in a giant flower head. Of course, in all the natural patterns, deviations from such patterns often occur owing to the irregularity to the receptacles, phototropism, and other conditional factors.
Both triangular and Fibonacci number patterns were produced by stress-driven selfassembly on the surface of Ag core/SiO x shell microstructures, where the value of x is only slightly smaller than 2.0 as confirmed by energy-dispersive x-ray spectroscopy; the shell structures were prepared primarily at a high temperature and then allowed to cool down. The Ag core/SiO x shell structures of a few micrometers in dimension were grown on polycrystalline sapphire substrate by coevaporating a mixed powder of Ag 2 O and SiO in a mass ratio of 4:1 ( fig. S1 ). The substrate temperature was maintained at 1270 K, a temperature deliberately chosen to be slightly above the melting point of silver (1234.8 K) but far below that of SiO 2 (1883 K). The Ag core/SiO x shell structures formed at this stage through high-temperature interdiffusion due to the poor miscibility of Ag with silicon oxide. Depending on the local wetting condition, a liquid drop of Ag enveloped by a thin layer of SiO x can adopt, loosely speaking, both nearly spherical or a flattened, conical morphology. Upon cooling ( fig. S2 ), large compressive stresses develop in the shell layer due to the sizable mismatch of expansion coefficients between the core and the shell materials. In comparison to silicon oxide, Ag in the melt is a more compliant material. For silver, the coefficient of thermal expansion (at 1100 K) is a Ag 0 27.1 Â 10 j6 , whereas for SiO 2 , a SiO2 0 0.45 Â 10 j6 . For a temperature drop DT , 800 K, the equibiaxial stress in the prebuckling state is È2.0 GPa, as estimated from the relation s 0 EDaDT/(1 j n), where Da 0 a Ag j a SiO2 , E is the Young_s modulus, and n is the Poisson ratio (7). For SiO 2 , E 0 75 GPa, and n 0 0.17 (14) . For a typical SiO 2 shell with a thickness of 150 nm, the strain energy is È6.2 J/m 2 as calculated from the formula U 0 EE/(1 -n)^Da 2 DT 2 t, where t is the shell thickness. The strain energy is much larger than the surface energy, which is also an important factor in modifying the morphology of the silicon oxide surface at the given temperatures, and hence is the dominant driving force for the formation of patterns discussed below.
To minimize the temperature inhomogeneity in the prebuckled state, the cooling rate must be carefully controlled. A large cooling rate will cause the silver core to contract too fast, producing shriveled or even broken shells, as seen under the scanning electron microscope (SEM) ( fig. S3 ). With a moderate cooling rate ( fig. S2 ) that allows the temperature to be reduced to 750 K in 4 min or more, large stress accumulates in the SiO x shell, yet the shell remains attached to the silver core and, importantly, has a continuous, convex surface. This heavily stressed layer is unstable against the formation of strained domains that reduce the strain energy (15) . It will also modify the nucleation barrier and diffusivity for the subsequent growth at low supersaturation-the evaporation continues but at lowered temperatures, and consequently at a reduced vapor pressure. The resulting distribution of threedimensional (3D) condensates, which are spherules that also possess a Ag core/SiO x shell structure, demonstrates the pattern of stress. Consequently, we observed a tessellation of the surface of the primary Ag core/ SiO x shell structure by patterns in which the spherules appear as vortices. Figure 1 , A to C, shows SEM images of primary Ag core/SiO x shell structures, typically È10 mm in diameter and with a shell thickness of È150 nm. The shell structures all have a nearly spherical surface, on which a triangular pattern of spherules of markedly uniform size and shape
REPORTS
formed. This decoration of the most stressed sites in the close-packing pattern, with the spherules, indicates the tendency of the primary surface to minimize its strain energy. The finite, nonplanar geometry is expected to impose a greater constraint on the stress pattern. Because congruent triangles cannot tile a spherical surface, the triangular pattern inevitably includes some defects-five-or sevenfold triangles around a vortex. Natural occurrences of this self-assembled pattern are ubiquitous on flower heads that are nearly spherical in shape (Fig. 1D) .
On a given spherical surface, the triangular pattern can be characterized solely by the parameter d, the arc separation between the nearest vortices, provided that the defects occur only sporadically. Roughly speaking, the arc separation d corresponds to the wavelength of the buckling mode in the planar geometry, which scales approximately as the square root of the stiffness of the buckling material (7, 16) 
on the size of the primary spherical surface. In contrast, the stiffness D of the shell is related to the thickness t through D 0 Et 3 /E12(1 j n 2 )^. Hence, the thicker the shell layer, the larger the arc separation d for the pattern. As expected, the densest pattern is observed in the shell structure shown in Fig. 1A , which has the best image quality because the SiO x layer is very thin. In Fig. 1, B and C, the SiO x shell layer is thicker, as evidenced by the deteriorated image quality-the poorer conductivity of the thicker SiO x layer caused a severe charging of the sample. The primary core/shell in Fig. 1C also has a very large diameter, and therefore the triangular pattern on it has the largest arc separation, d , 1.78 mm.
When the primary Ag core/SiO x shell structure better wetted the substrate, it adopted a flattened, conical shape, and the spherules arranged themselves in distinct spirals. On a core/shell of È9.5 mm in lateral dimension (Fig.  2, A and B) , the 92 spherules can be assigned to eight clockwise and five counterclockwise spirals, and thus they form a 5 by 8 Fibonacci number pattern. In Fig. 2C , the lateral dimension for the core/shell is about 18 mm, and the spherules, about 230 in total, form a 13 by 21 Fibonacci number pattern, similar to the one on the cactus Mammillaria nejapensis (Fig. 2D) .
The formation of patterns of stressed sites on a surface to reduce the total strain energy can be modeled by the general minimal Riesz energy point configuration problem, for which only numerical solutions are available (17, 18) . For a spherical supporting surface where the point number is large enough but less than 500, numerical simulation shows that a triangular pattern with 12 disclinations (fivefold defects) is always produced (18). From Fig. 1 , however, we see that sevenfold defects occur frequently in a real system, reminding us of the imperfection of the supporting surfaces either grown in nature or prepared in the laboratory.
We have demonstrated that highly ordered patterns can be fabricated on core/shell structures through stress-driven self-assembly induced by controlled cooling. The key to obtaining a particular pattern is to control both the geometry of the primary core/shell and the thickness of the more rigid shell layer. The final configuration of the pattern can be explained by the principle of minimum strain energy under given geometrical constraints. Moreover, it demonstrates a fabrication technique for the mass production of mesoscale structures on a large area and a way to incorporate desirable Bdefects[ simultaneously. Our results indicate a way to control the pattern assembly process and raise the possibility of designing an entire family of patterns by stress engineering. Multimillion-atom molecular dynamics simulation of indentation of nanocrystalline silicon carbide reveals unusual deformation mechanisms in brittle nanophase materials, resulting from the coexistence of brittle grains and soft amorphous grain boundary phases. Simulations predict a crossover from intergranular continuous deformation to intragrain discrete deformation at a critical indentation depth. The crossover arises from the interplay between cooperative grain sliding, grain rotations, and intergranular dislocation formation similar to stick-slip behavior. The crossover is also manifested in switching from deformation dominated by indentation-induced crystallization to deformation dominated by disordering, leading to amorphization. This interplay between deformation mechanisms is critical for the design of ceramics with superior mechanical properties.
The great interest in nanostructured ceramics originates from the observations and expectations of unique mechanical properties (1-3) in these materials. Examples include very high hardness, high fracture toughness, and superplastic behavior in normally brittle ceramics. Silicon carbide is of particular interest because of its potential technological applications in high-temperature structural and electronic components (4) . Although enhanced mechanical properties are often associated with the reduction in grain sizes, it has recently been conjectured (5) that nanostructured ceramics might exhibit an inverse HallPetch effect; that is, hardness decreases when grain size decreases in the nanoscale grain-size regime. Such peculiar behavior has been observed in ductile nanophase materials (e.g., nanostructured metals) with porous grain boundaries (GBs) by means of simulations (6) (7) (8) and experiments (9) . The behavior was attributed to a crossover from dislocation-mediated plasticity for large grain size to GB sliding for small grain size (10, 11) . A similar mechanistic understanding in ceramics is still lacking. In contrast with nanostructured metals, nanostructured ceramics have an increased volume fraction of disordered intergranular films, which are observed both experimentally (12) and by means of molecular dynamics (MD) simulations (13, 14) . In particular, for brittle ceramics such as SiC, mechanical properties such as toughness are essentially determined by soft (often amorphous) GB phases (12) . Recent experiments (15) of nanoindentation of nanocrystalline SiC (n-SiC) films with grain sizes of 5 to 20 nm have shown Bsuperhardness,[ i.e., hardness largely exceeding that of a bulk crystalline SiC (3C-SiC). The experimental hardness was shown to be sensitive to the grain size and the fraction of the amorphous GB phase. However, their effects on mechanical responses at the atomistic level are largely unknown.
The MD simulations consisted of a 625Â625Â535 ) 3 n-SiC substrate containing 18.7 million atoms, which had randomly oriented grains with diameters averaging 8 nm and a density of 2.97 g/cm 3 at a temperature of 300 K (16) . Structural ordering in GBs is analyzed by means of a partial pair distribution function g(r), which quantifies the probability of finding two atoms at an interatomic distance r. The function g(r) for Si-C pairs is plotted in Fig. 1A (solid line) , and it reveals a lack of longrange order, similar to that of bulk amorphous SiC (a-SiC) (dashed line). This is in contrast to a sharp-peak structure of g(r) in a 3C-SiC shown in the inset of Fig. 1A . Visual inspection of the substrate reveals the presence of highly disordered GBs with a more or less uniform thickness. The n-SiC can be thought of as a substrate with two coexisting phases: crystalline inside the grains and amorphous in the GBs. Amorphous GBs were also observed in experimentally sintered n-SiC (17, 18).
To shed light on the atomistic mechanisms underlying mechanical response of n-SiC, we indented the substrate with a square-base indenter of size 160Â160Â72 )
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. Nanoindentation is a unique local probe to measure mechanical properties of materials (19-22). Even though experimental indenters are round on this scale, a square-base indenter helps to maximize the applied stress and the localized plastic flow in the material (23) on length and time scales available to simulations. The resulting load-displacement (P-h) curve is shown in Fig. 1B (solid line) , together with two unloading curves (dashed lines). The P-h response exhibits four characteristic regimes.
Regime 1 is entirely elastic and ends at h 0 7.5 ). Regime 2 extends up to the crossover depth h CR È 14.5 ) and is characterized by a very small hysteresis during unloading as com- Fig. 1. (A) Si-C partial pair distribution function g Si-C (r) of GBs in n-SiC (solid line) resembles that of a-SiC (dashed line) in contrast to 3C-SiC (inset). (B) Load-displacement curve of 18.7-million-atom n-SiC, where numbers 1 to 4 mark different regimes in the response. Regimes 1 and 2 are characterized by continuous cooperative grain motion; in regime 3 grains become decoupled from one another; in regime 4 discrete intergrain response is turned on, which is manifested in the small load drops in the P-h curve.
